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1 Introduction
In the quark model, hadrons are dominantly bound states of qq¯ (mesons) or qqq
(baryons), but QCD allows hadrons with Nquarks 6= 2, 3. These exotic states include
glueballs (consist solely of gluon particles, with no quark), hybrids (with quarks
and excited gluon), multi-quark states (with more than three quarks), and hadron
molecules (bound states of two or more hadrons like the deuteron). There is a long
history of searches for these exotic hadrons, however, no solid experimental evidence
was found until recent breakthroughs in the charmonium region.
Below open-charm threshold, all charmonium states have been observed, and cc¯
potential models describe the charmonium spectrum very well. However, many ex-
pected charmonium states are still missing above the open-charm threshold. Since
2003, Belle, BaBar, BESIII and LHCb have made radical progress in studies of exotic
heavy states in this energy region by observing a number of new states above open-
charm threshold which decay to charmonium and light hadrons. These states are
so-called charmonium-like states or XY Z particles. Although some of these particles
could be interpreted as charmonium states, many of them have exotic properties that
are not consistent with conventional mesons or baryons in the quark model.
The charmonium-like states are classified in three categories, X , Y and Z par-
ticles. X particles are neutral and discovered in B decays and hadron machines,
Y particles are neutral vectors (1−) observed in e+e− colliders and Z± particles are
charged quarkonium-like particles. In this talk, I will briefly review recent experi-
mental developments about the X , Y and Z charmoniumlike exotic states.
2 The X(3872)
The first observed charmonium-like exotic state is the X(3872). It was discovered by
Belle in 2003 [1] in the mode pi+pi−J/ψ from B+ → K+pi+pi−J/ψ decays and was sub-
sequently confirmed by CDF [2], D0 [3] and BaBar [4]. The mass of X(3872) is found
to be close to the D0D¯∗0 threshold and the width is very narrow (<1.2 MeV). The
mass value and the absence of a strong signal in the γχcJ decay channel disagree with
potential model expectations for a conventional charmonium state. Another feature
of the X(3872) that differs from conventional charmonium is that the decay branch-
ing ratio of X(3872) to pi+pi−J/ψ is comparable to pi+pi−pi0J/ψ [5], so the isospin
mixing occurs on a large scale. Possible interpretations of X(3872) include D- or
P-wave charmonium, a hadronic molecule, a tetraquark and molecule + charmonium
mixture.
BaBar and Belle observed X(3872) decays to γJ/ψ, so X(3872) should be a C-
even state [6, 7]. By analyzing angular distributions of B+ →X(3872)K+, X(3872)→
pi+pi−J/ψ, CDF excluded all JPC hypotheses except 2−+ and 1++ [8]. A recent LHCb
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analysis based on angular correlations in the same channel determined JPC ofX(3872)
to be 1++ unambiguously [9], as shown in Figure 1. This JPC value rules out the
explanation of the X(3872) meson as a conventional ηc2(1
1D2) state. The remaining
possibility, χc1(2
3P1) charmonium, is disfavored by the value of the X(3872) mass.
Figure 1: Distribution of the test statistic t for the simulated experiments with JPC =
2−+ and α = αˆ (black circles on the left) and with JPC = 1++ (red triangles on the
right). A Gaussian fit to the 2−+ distribution is overlaid (blue solid line). The value
of the test statistic for the data, tdata, is shown by the solid vertical line.
Radiative decays of the X(3872) to charmonium are important to check whether
the X(3872) is a conventional charmonium or an exotic state. X(3872) → γJ/ψ
was measured by BaBar and Belle [6, 7]. Evidence for X(3872) → γψ(2S) was
reported by BaBar [10] (2008) and LHCb [11] (2014). The statistical significances
of X(3872) → γψ(2S) are 3.5σ for BaBar and 4.4σ for LHCb. For the ratio of
B(X(3872)→ γψ(2S)) to B(X(3872)→ γJ/ψ),
BaBar obtained:
R =
B(X(3872)→ γψ(2S))
B(X(3872)→ γJ/ψ)
= 3.4± 1.4,
LHCb obtained:
R =
B(X(3872)→ γψ(2S))
B(X(3872)→ γJ/ψ)
= 2.46± 0.64± 0.29,
Belle did not observe a significant signal for X(3872) → γψ(2S), so they set an
upper limit of R < 2.1 at the 90% C.L [7]. Considering statistical and systematic
errors, this upper limit does not contradict BaBar and LHCb results.
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Averaging results from BaBar, Belle and LHCb, one can have:
R¯ =
B(X(3872)→ γψ(2S))
B(X(3872)→ γJ/ψ)
= 2.31± 0.57.
Since R is expected to be very small for the pure molecule hypnosis, this ex-
perimental value does not support the pure D0D¯0∗ molecular interpretation of the
X(3872). However, mixing of D0D¯0∗ molecule and charmonium could explain the
enhanced R value of X(3872) [11, 12].
3 Y -family states
Y states are a family of vectors (JPC = 1−−) observed in e+e− colliders. In the
ISR process e+e− → γISRpi
+pi−J/ψ , the BaBar experiment observed the Y (4260)
state in pi+pi−J/ψ [13]. This state was confirmed by the CLEO [14] and Belle [15]
experiments in the same channel. It was found that the properties of Y (4260) are dif-
ferent from conventional 1−− charmonium, because it strongly couples to pi+pi−J/ψ
and has no significant enhancement in open charm production. After the discov-
ery of Y (4260), several Y states were observed by Belle and BaBar in pi+pi−J/ψ
(Y (4008))[15], pi+pi−ψ(2S) (Y (4360), Y (4660))[16, 17] and ΛcΛ¯c (Y(4630)) [18] from
e+e− ISR processes. Among these states, Y (4260), Y (4360) and Y (4660) were solidly
confirmed by Belle and BaBar with large data samples [16, 19, 20, 21]. An attempt
to fit the pi+pi−J/ψ spectrum with coherent BW functions for Y (4260), Y (4360) and
Y (4660) was done by Belle [21]. A summary of observed Y states is listed in Table 1.
State Mass (MeV/c2) Width (MeV/c2) Decay mode Experiment
Y (4008) 4008+121−49 226± 97 pi
+pi−J/ψ Belle
Y (4260) 4250± 9 108± 12 pi+pi−J/ψ BaBar
pi0pi0J/ψ CLEO
K+K−J/ψ Belle
Y (4360) 4361± 13 74± 18 pi+pi−ψ(2S) Belle
K+K−J/ψ BaBar
Y (4630) 4634+9−11 92
+41
−32 ΛcΛ¯c Belle
Y (4660) 4664± 12 48± 15 pi+pi−ψ(2S) Belle
BaBar
Table 1: List of Y -family states.
Between 4 and 4.7 GeV, at most five 1−− states are expected in the charmonium
family (3S, 2D, 4S, 3D, 5S). However, including Y states, seven particles are observed.
This is another hint that some of these Y states should be exotic states. Possible
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explanations include hybrids, Molecular states, Hadrocharmonium, threshold effect
and FSI effects. Although the exact nature of the Y family is still unclear, we know
that Y (4260), Y (4360) and Y (4660) are similar and narrow.
Another path towards understanding the Y -family is measuring cross sections of
charmonium productions around the Y -family region. Cross sections of pi+pi−J/ψ
and pi+pi−hc measured by Belle, BESIII and CLEOc are shown in Figure 2. One can
see that different decay modes have similar cross sections but the line shapes seem
to be different in these modes. This difference could be explained by threshold or
interference effects.
Figure 2: Cross sections of charmonium productions around Y states region
To study the coupling between the Y (4260) and the ωχcJ channels, BESIII re-
cently measured the cross section of e+e− → ωχc0 from 4.21 to 4.42 GeV [22]. As
shown in Figure 3, ωχc0 are observed at 4230 MeV and 4260 MeV. One interesting
thing is that the signal of ωχc0 does not arise from the decays of the Y (4260) and can
be fit with a resonance peaking at 4230 ± 8 MeV. By comparing with ωχc0 results,
the measured e+e− → ωχc1,2 cross sections are found to be much lower than the
predictions in Ref. [23]. More statistics and energy points are needed to understand
whether the enhancement of ωχc0 is caused by threshold effects, interference or a new
resonance.
BESIII reported the observation of e+e− → γX(3872), X(3872) → pi+pi−J/ψ
with data collected from 4.009 to 4.420 GeV with a statistical significance of 6.3σ
[24]. By fitting the energy-dependent cross sections with different hypotheses, they
found that the Y (4260) resonance describes the data better than a linear continuum
or an E1 transition phase space shape. The ratio R(B(e+e− → γX(3872))/B(e+e− →
pi+pi−J/ψ)) is then determined to be ∼ 11%, which represents a large transition rate.
Together with the observation of Zc(3900) in Y (4260) decays [25], this result may
indicate the commonality in the nature of the exotics states X(3872), Y (4260), and
Zc(3900).
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Figure 3: Fit to σ(e+e− → ωχc0) with a resonance (solid curve), or a phase space
term (dot-dashed curve). Dots with error bars are the dressed cross sections. The
uncertainties are statistical only.
4 Z particles
Considering the difficulties in interpreting X and Y states, searching for the charged
charmonium-like states, Z particles, is the most direct way to identify exotic hadrons.
Decaying to charmonium demonstrates that a Z particle has a cc¯ pair. The electric
charge indicates that it must have two or more light quarks. Therefore, a Z particle
consists of at least four quarks, which is a clear signature for an exotic hadronic state.
Promising channels to look for Zc includes pi
±J/ψ, pi±hc, pi
±ψ(2S) pi±χcJ , etc.
The first confirmed charged charmornium-like state is Zc(3900)
±. It was observed
in pi+pi−J/ψ by BESIII [25] (Ecm=4.17 GeV, 525 pb
−1), Belle [19] (ISR from 3.8
to 5.5 GeV, 967 fb−1) and confirmed in CLEO-c data [26](NWU group, Ecm=4.17
GeV, 586pb−1). The mass was determined to be 3899.0± 3.6± 4.9MeV/c2 (BESIII),
3894.5 ± 6.6 ± 4.5MeV/c2 (Belle) and 3886 ± 4 ± 2MeV/c2 (CLEO-c data) and the
width was determined to be 46±10±20MeV/c2 (BESIII), 63±24±26MeV/c2 (Belle)
and 37±4±8MeV/c2 (CLEO-c data), respectively. Fits to theMmax(piJ/ψ) spectrum
from BESIII and Belle can be found in Figure 4. The neutral partner of Z±c (3900)
±,
Zc(3900)
0, is observed in pi0pi0J/ψ by BESIII at Ecm=4230, 4260, 4360MeV [27]. As
discussed above, Zc(3900) contains at least four quarks. The mass of Zc(3900) is
close to the DD¯∗ threshold, so interpretations of Zc(3900) include a molecular state,
a tetraquark, hadrocharmonium or threshold effects.
By studying e+e− → pi±(DD¯∗) at 4.26 GeV, BESIII observed an enhancement
in the DD¯∗ invariant mass spectrum[28]. Breit-Wigner resonance parameters are ex-
tracted to be 3883.9± 1.5± 4.2MeV/c2 for the mass and 24.8± 3.3± 11.0MeV/c2 for
the width. This structure is named Zc(3885). The angular distribution of the emit-
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Figure 4: Fits to the Mmax(piJ/ψ) spectrum for the observation of Zc(3900)
±, points
with error bars are data, the curves are the best fit, the dashed histograms are the
phase space distributions and the shaded histograms are the non-pi+pi−J/ψ back-
ground estimated from the normalized J/ψ sidebands(left: BESIII, right: Belle).
ted pi in the Zc(3885) system indicates that J
p of Zc(3885) favors 1
+. To determine
whether Zc(3885) and Zc(3900) are the same state needs the study of mass/width dif-
ferences between these two particles and the determination of Zc(3900) J
P . Assuming
the Zc(3885) and Zc(3900) are the same state, Γ(DD¯
∗)/Γ(pi±J/ψ) can be determined
to be 6.2 ± 2.9, which means a much larger non-DD¯ branching ratio compared to
conventional charmonium above the open charm threshold.
BESIII observed another charged charmonium-like state Z±c (4020) in e
+e− →
pi+pi−hc(1P ) at CM energies between 3.90 and 4.42 GeV[29] . As shown in Figure 5,
a narrow resonance is discovered in the pi±hc spectrum and resonance parameters are
determined to beM = 4022.9±0.8±2.7MeV/c2 and Γ = 7.9±2.7±2.6MeV/c2. The
statistical significance of Z±c (4020) is 8.9σ. In addition, the signal of Zc(3900) is not
significant in the pi±hc spectrum. A fit with both Zc(3900) and Zc(4020) to the data
shows that the statistical significance of Zc(3900) is 2.1σ. Because the spins of c and
c¯ are in the same direction for J/ψ and are in different directions for hc, a further
study of Zc(3900) and Zc(4020) decaying to pi
±J/ψ and pi±hc can provide information
about whether the c and c¯ in Zc(3900) and Zc(4020) are bounded tightly. As in the
Zc(3900) case, BESII also observed the neutral partner of Z
±
c (4020), Z
0
c (4020), in
pi0pi0hc with more than 5σ [31] .
BESIII also studied the process e+e− → D∗D¯∗)±pi∓ at 4.26 GeV with a 827 pb−1
data sample [30]. A structure near theD∗D¯∗ threshold in the pi± recoil mass spectrum
is observed, which is named as the Zc(4025). The mass and width are determined to
be (4026.3 ± 2.6 ± 3.7)MeV/c2 and (24.8 ± 5.6 ± 7.7)MeV/c2, respectively. Because
the Zc(4020) is also close to the D
∗D¯∗ threshold and has similar width, Zc(4020) and
Zc(4025) may be the same state. Assuming Zc(4025) is Zc(4020), one can obtain
Γ(D∗D¯∗)/Γ(pi±hc) = 12± 5, which is a large non-DD¯ coupling.
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Figure 5: Sum of the simultaneous fits to the Mpi±hc distributions at 4.23 GeV,
4.26 GeV, and 4.36 GeV as described in the text; the inset shows the sum of the
simultaneous fit to the Mpi+hc distributions at 4.23 GeV and 4.26 GeV with Zc(3900)
and Zc(4020). Dots with error bars are data; shaded histograms are normalized
sideband background; the solid curves show the total fit, and the dotted curves the
backgrounds from the fit.
Before the observation of Zc, Belle observed two charged bottomonium-like res-
onances, Zb(10610)
± and Zb(10650)
±, in Υ(5S) decays using a data sample of 121.4
fb−1 [32] . They observed these two resonances in both pi±Υ(nS) and pi±hb(mP ) spec-
tra. Masses (widths) are determined to be 10607.2 ± 2.0MeV/c2 (7.9 ± 2.6MeV/c2)
for Zb(10610)
± and 10652.2± 1.5MeV/c2 (11.5± 2.2MeV/c2) for Zb(10610)
±. JP are
1+ for both states. Since the Zb(10610) is close to the threshold of BB¯
∗ and the
Zb(10650) is close to the threshold of B
∗B¯∗, one may naturally think that they are
heavy flavor partners of Zc(3900) and Zc(4020).
The Belle collaboration first reported evidence for the charged charmonium-like
particle Z(4430)− in the pi−ψ(2S) invariant mass spectrum in B0 → ψ(2S)K−pi−.
The report mass and width areM = (4433±4±2)MeV/c2 and Γ = 45+18+30−13−13MeV/c
2
[33]. Although this result was confirmed by Belle’s later data [35] , BaBar’s data did
not confirm the Belle’s observation [34]. Therefore, the existence of Z(4430)− has been
doubted for a long time. By doing amplitude analyses using a much larger sample, the
LHCb experiment recently confirmed Belle results[36]. The significance of Z(4430)−
is greater than 13.9σ. The mass and width are determined to be 4475±7 +15−25 MeV/c
2
and 172 ± 13 +37−34 MeV/c
2, and the spin-parity is determined to be 1+. In addition,
LHCb also fits the real and imaginary parts of the Z(4430)− amplitude in six m2ψ′pi−
bins around the Z(4430)− mass region. The Argand diagram is consistent with the
behavior of a Breit-Wigner resonance, as shown in Figure 6. After the confirmation
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of Z(4430)− by LHCb, the Belle experiment recently observed a similar charmonium-
like particle Zc(4200) in B
0 → J/ψK−pi− with a significance of 6.2 σ [37]. A list of
confirmed Zc states can be found in Table 2.
Figure 6: Left: Background-subtracted and efficiency-corrected mψ′pi− distribution
(black data points), superimposed with the reflections of cos θK∗ moments up to order
four allowing for J(K∗) ≤ 2 (blue line) and their correlated statistical uncertainty
(yellow band bounded by blue dashed lines). The distributions have been normalized
to unity.; Right: Fitted values of the Z(4430)− amplitude in six m2ψ′pi− bins, shown
in an Argand diagram (connected points with the error bars, m2ψ′pi− increases coun-
terclockwise). The red curve is the prediction from the Breit-Wigner formula with a
resonance mass (width) of 4475 (172) MeV and magnitude scaled to intersect the bin
with the largest magnitude centered at (4477 MeV)2. Units are arbitrary. The phase
convention assumes the helicity-zero K∗(892) amplitude to be real.
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State Mass (MeV/c2) Width (MeV/c2) Decay mode JP Experiment
Zc(3900)
± 3888.6± 2.7 34.7± 6.6 pi±J/ψ (DD¯∗) 1+ BESIII
Belle
CLEO-c data
Zc(4020)
± 4023.8± 2.1 7.9± 3.8 pi±hc (D
∗D¯∗) 1? BESIII
Zc(4430)
± 4478± 21 181± 33 pi±ψ(2S) 1+ Belle
LHCb
Table 2: List of confirmed Zc states
5 Summary
In summary, exotic heavy states, XY Z, are found both in charmonium and bottomo-
nium sectors in the last decade. Many of them do not fit into the naive expectation of
the conventional quarkonium spectrum. With large data samples in the charmonium
region, JPC of X(3872) has been determined and Y(4260),Y(4360) and Y(4660) have
been confirmed. Recent observations and confirmations of the charged charmonium
states, Zc(3900), Zc(4020) and Z(4430)
−, may indicate that exotic states with four or
more quarks have been observed. In addition to current data samples and analyses,
one can expect LHCb, BelleII, BESIII and PANDA to produce more data in both
thecharmonium and bottomonium region to further the study of heavy exotics states.
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